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Polyhydroxyalkanoates (PHAs) are biodegradable polymers accumulated by certain 
bacteria as intracellular carbon storage materials in response to inorganic nutrient 
limitation in the presence of excess carbon. Among the various types of PHAs, 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), PHBV is the most promising and has 
great potential as a biodegradable substitute for bulk plastics. However, high 
production costs associated with substrates have limited the production of these 
polymers in large scale. In this study, the use of organic waste carbon compounds, in 
combination with anaerobic treatment, is being evaluated as alternative and 
appropriate substrates for PHBV production. Acidogenic fermentation of palm oil 
mill effluent (POME) generates a dilute mixture of organic acids (acetic acid, 
propionic acid and n-butyric acid) which, has to be recovered before being utilized 
by microbes for polymer biosynthesis. 
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In this project, pilot scale recovery process was developed for obtaining a clarified 
solution of mixed organic acids to be used as substrates for PHBV production. The 
study also aimed at developing a novel fermentation strategy in 2 L scale and up-
scaling the fermentation process in 150 L bioreactor based on constant impeller tip 
speed. The PHBV produced were further characterized and compared with the 
commercially available PHBV to address the market demand. 
 
Filtration and evaporation of treated POME for the recovery and clarification of 
organic acids was carried out using centrifugation and rotary evaporator in laboratory 
scale and filter press and rotary evaporator for pilot plant scale studies. When pilot 
scale set-up was used, the highest concentration obtained was 67.25 g/L upon eight-
fold concentration with recovery yield of 83% as compared to 85% in laboratory 
scale. The effect of this clarified mixed organic acids on PHBV production by our 
local isolate, Comamonas sp. EB172 were evaluated in 2 L bioreactor. The time-
course and utilization of carbon and nitrogen throughout the growth cycle of 
Comamonas sp. EB172 was compared using batch and fed-batch fermentation 
methods. Comamonas sp. EB172 showed higher tolerance of organic acids in the 
order of n-butyric acid>acetic acid>propionic acid. 
 
The fed-batch fermentation method was further simplified by eliminating the 
centrifugation step and operating the growth phase and PHA production phase 
consecutively in 2 L bioreactor. The fermentation was switched to PHA production 
phase by introducing nitrogen-free mineral media into the broth followed by mixed 
acids feeding using pH-stat method. By applying this strategy, the maximum biomass 
v 
 
obtained in 2 L bioreactor was 10.2 g/L with residual acids around 2-6 g/L and 
volumetric productivity of 0.1318 g/L/ h. PHBV content ranged from 70- 90% (w/w) 
of the cell with yield of 0.27- 0.4 g PHBV/g mixed acid. Scaling up fermentation in 
150 L bioreactor resulted in biomass concentration of 5.35 g/L with final PHBV 
content of 72.80% and volumetric productivity of 0.083 g/L/h. The calculated yield 
was 0.259 g PHBV/g mixed acids. Both yield and PHBV content were comparable to 
that obtained in 2 L scale. The final HV content in the copolymer ranged from  
10-17%. 
 
In order to assess whether the poly (3-hydroxybutyrate-co-3-hydroxyvalerate) 
produced by Comamonas sp. EB172 could be used in practical applications, the 
physical, thermal and mechanical properties of the polymers were determined. The 
PHBV with 13% HV content exhibited the mechanical properties of elastic rubber 
and was less crystalline, having relatively low melting temperature and molecular 
weight of 130,000 Daltons. The chemical structure of the polymer was also 
confirmed by NMR and FTIR analyses. The size distribution of PHBV granules in 
Comamonas sp. EB172 ranged from 0.11 to 0.67 μm with 5-9 granules in each cell. 
TEM images of PHBV granules in vivo revealed core-shell structure indicating the 
formation of block copolymer instead of random copolymer. 
 
The overall results indicated that clarified organic acid mixtures derived from the 
partial anaerobic treatment of POME are suitable substrates for the production of 
PHBV. Therefore, the bioconversion of POME to PHBV via organic acids can be a 
useful way forward towards the sustainable utilization of POME wastewater. 
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Polihidroksialkanoat (PHAs) adalah polimer biourai yang dikumpulkan oleh bakteria 
sebagai bahan simpanan karbon di dalam sel sebagai tindakbalas terhadap nutrisi tak 
organik yang terhad dan kehadiran sumber karbon yang  berlebihan. Antara pelbagai 
jenis PHAs, poli (3-hidrosibutirat-ko-3-hidrosivalerat), PHBV menunjukkan potensi 
yang besar sebagai pengganti plastik biourai. Walaubagaimanapun, kos pengeluaran 
yang tinggi yang berkaitan dengan substrat telah menghadkan pengeluaran polimer 
ini dalam skala besar. Dalam kajian ini, penggunaan sisa organik sebatian karbon 
digabungkan dengan rawatan anaerobik telah dikaji sebagai kaedah alternatif dan 
substrat yang sesuai untuk penghasilan PHBV. Fermentasi asidogenik dari sisa 
kilang kelapa sawit (POME) menghasilkan campuran cair asid organik (asid asetik, 
asid propionik dan asid n-butirat) dan dipekatkan sebelum digunakan oleh mikrob 
untuk biosintesis polimer. 
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Dalam projek ini, proses hiliran untuk skala pepandu telah dibangunkan untuk 
menghasilkan campuran asid organik yang tulen sebagai substrat untuk penghasilan 
PHBV. Penyelidikan ini juga bertujuan untuk membangunkan strategi suapan 
substrat dalam skala 2 L dan peningkatan skala untuk proses fermentasi dalam 
bioreaktor 150 L berdasarkan kelajuan hujung pengaduk yang sama. PHBV yang 
terhasil telah dikenalpasti dan dibandingkan dengan PHBV yang telah 
dikomersialkan bagi memenuhi permintaan pasaran. 
 
Penapisan dan pengewapan POME terawat untuk proses hiliran dan pengenalpastian 
asid organik telah dijalankan melalui kaedah pengemparan dan penyejat berputar 
dalam skala makmal manakala penapis turas dan penyejat berputar digunakan untuk 
kajian skala loji pandu. Bagi kajian loji pandu, kepekatan asid organik tertinggi yang 
diperolehi adalah 67.25 g/L pada kepekatan lapan kali ganda dengan hasil proses 
hiliran sebanyak 83% berbanding 85% pada skala makmal. Kesan campuran asid 
organik untuk penghasilan PHBV oleh bakteria tempatan, Comamonas sp. EB172 
telah dikaji dalam bioreaktor 2 L. Masa tindakbalas dan penggunaan karbon serta 
nitrogen sepanjang kitaran pertumbuhan Comamonas sp. EB172 telah dibandingkan 
dengan menggunakan kaedah fermentasi sesekelompok dan suapan sesekelompok. 
Comamonas sp. menunjukkan tahap toleransi yang tinggi terhadap asid organik 
mengikut urutan berikut: asid n-butirik> asid asetik> asid propionik.  
 
Fermentasi suapan sesekelompok telah dipermudahkan lagi dengan mengelakkan 
proses pengemparan dan operasi fasa pertumbuhan serta fasa penghasilan PHA 
secara berturut-turut dalam bioreaktor 2 L. Proses fermentasi telah ditukar kepada 
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fasa pertumbuhan dengan penambahan media mineral bebas nitrogen diikuti dengan 
suapan asid organik menggunakan kaedah ‘pH-stat’. Dengan menggunakan strategi 
tersebut, biojisim maksimum yang dihasilkan dalam bioreaktor 2 L adalah 10.2 g/L 
dengan sisa asid tertinggal sebanyak 2-6 g/L dan produktiviti volumetrik 0.1318 
g/L/j. Kandungan PHBV dalam lingkungan  70-90% (w/w) dengan penghasilan 0.27-
0.4 g PHBV/g campuran asid. Pengingkatan skala fermentasi dalam bioreaktor 150 L 
menghasilkan kepekatan biojisim 5.35g/L dengan kandungan PHBV akhir sebanyak 
72.8%, produktiviti volumetrik 0.083 g/L/h dan penghasilan PHBV yang dikira 
adalah 0.259 gPHBV/g campuran asid. Nilai penghasilan dan kandungan PHBV 
tersebut adalah setara dengan keputusan dalam sekala 2 L. Kandungan HV akhir 
adalah dalam kopolimer adalah dalam julat 10-17%.  
 
Bagi memastikan samada PHBV yang dihasilkan oleh Comamonas sp. boleh 
diaplikasikan secara praktik, ciri-ciri fizikal, terma dan mekanikal telah ditentukan. 
PHBV dengan kandungan HV 13% menunjukkan ciri mekanikal getah elastik dan 
kurang kristal. Ia juga mempunyai suhu lebur yang rendah dan berat molekul 
sebanyak 130,000 D. Struktur kimia polimer juga dipastikan dengan menggunakan 
analisis NMR dan FTIR. Saiz penyebaran PHBV granul dalam sel Comamonas sp. 
EB 172 adalah dalam lingkungan 0.11-0.67 μm dengan 5-9 granul di setiap sel. Imej 
TEM bagi granul PHBV in vivo menunjukkan struktur selaput teras yang 
menunjukkan pembentukan blok kopolimer berbanding dengan pembentukan 
kopolimer secara rawak.  
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Keputusan keseluruhan menunjukkan campuran asid organik daripada rawatan 
anaerobik POME boleh menjadi substrat yang sesuai bagi penghasilan PHBV oleh 
Comamonas sp. EB172. Olehitu biopenukaran POME kepada PHBV melalui asid 
organic adalah satu langkah yang boleh diwajukan kearah pengguraan lestari sisa air 
POME. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
 
ACKNOWLEDGEMENTS 
 
"Reading maketh a full man, conference a ready man, and writing an exact man."  
Francis Bacon  
The writing of this dissertation has been a monumental milestone in my academic 
life. I could not have embarked on this expedition without the passionate and 
continued support of advisors, colleagues, friends and family.  
This venture had been financially supported by the three-year TWOWS fellowship 
by Third World Academy of Sciences (TWAS), Italy. I am grateful to the authority 
for offering me an opportunity to pursue PhD overseas. However, the duration has 
been longer than originally planned and I would like to extend my sincere gratitude 
to TWOWS for providing me with the additional required funding for the fourth year 
and Universiti Putra Malaysia for providing special graduate research allowance 
(SGRA) in fifth year. 
I would like to express my heartfelt appreciation and gratitude to my supervisor 
Professor Dr Mohd. Ali Hassan, for his kind support, his enlightening lectures, and 
for many valuable discussions. I also would like to thank my co-supervisor Dr. 
Suraini Abd- Aziz for taking the time for proofreading, inspite of all other pressing 
activities. I would also like to extend my sincere gratitude to my co-supervisor 
Professor Yoshihito Shirai, for his guidance, suggestion and encouragement 
throughout this project. 
My condensed thanks go to Senior Lecturers- Dr. Nor’Aini Abd Rahman and Dr. 
Phang Lai Yee of Biotechnology Faculty, for proof-reading and giving helpful 
comments to improve the presentation. Their suggestions and inputs helped shape 
xi 
 
this dissertation. 
Many people have provided me specific technical assistance during my studies. I 
would like to thank Mr Ishak, Mr Kamarruddin in SIRIM for their assistance in the 
pilot plant filtration and distillation of organic acids; Mr Rizal, Ms Liana at FTU,IBS 
for their help in using 2 L bioreactor and pilot scale rotary evaporator; Ms Aminah at 
EMU, IBS for her assistance with TEM, Mrs. Fadillah, Research Officer, MARDI 
and her staff especially Mr Alias for helping me running 150 L bioreactor and Lim 
Chee Siong for his assistance in polymer characterization. The large-scale 
fermentation experiments would not be possible without the troubleshooting and 
technical support from Mr Nelson and Mr Steven from Biolab Company.   
I also thank all the faculty staff at UPM, especially Mr Rosli who helped me with 
equipments, glasswares and chemicals. I am very grateful for all the support I 
received from them over the years.  
Thanks goes to Mei Ling, Hidayah Ariffin, Huzairi, Zatil, Alawi, Zulkhairi, Nor’ 
Asma, Nadia, Halimatun, Yee and Mitra Mohammadi for being such good mates! 
Thanks to Azman, Rafein, Zul, Muhaimin and Huzairi for their help in lifting up the 
reactors and filtering treated POME. Special thanks to Majd Khalid Eshtaya, my 
fellow research labmate within the project, who has also contributed to this thesis 
work at many different levels.  
This extraordinary voyage would certainly have been less extraordinary and colorful 
if not for the engaging and heartwarming time spent with friends –Rasmina, Afsaneh, 
Christine and many more. I am so fortunate to have had so many folks doing PhD 
here in the same University, who has offered such valuable emotional support that 
will never be forgotten. 
xii 
 
I want to thank my friends in Bangladesh Saera, Dilshad, Tania, Sajal, Moni, Lopa 
and my dear colleagues at BAEC, Ruseli Khan and Jolly Hamid for not forgetting me 
even when I was in abroad, and for keeping contact with words and emails. They 
prevented me from feeling lost on this planet and helped me believing that I was 
doing the right thing. 
The sacrifices that this work required have been felt most strongly by my parents, my 
husband, sisters and my in-laws. I would like to express my gratitude for the moral 
support and encouragements during all these years. In particular, I would like to 
thank my husband, Md Akhter Uzzaman, for his unconditional support, even when I 
felt that things were out of proportions. This undertaking would not have been 
possible without his love.   
To my ex-supervisor, Professor Mahbubar Rahman Khan, who gave me the 
inspiration to strive to reach this goal.  
Infinite thanks to all those who love me and to those who loved me but who are no 
longer here. 
This list is far from exhaustive; I pray for forgiveness from those I did not mention 
by name and include them in my heart-felt gratitude. 
Finally, I give almighty ALLAH the glory for the wisdom, knowledge and strength 
to complete this thesis. 
 
 
Author 
December 2010 
  
xiii 
 
I certify that an Examination Committee has met on 10/12/2010 to conduct the final 
examination of Tabassum Mumtaz on her PhD thesis entitled “Production of Poly(3-
Hydroxybutyrate-Co-3-Hydroxyvalerate) using Comamonas sp. EB172 from 
Organic Acids Derived from Anaerobic Treatment of Palm Oil Mill Effluent” in 
accordance with the Universities and University Colleges Act 1971 and the 
Constitution of the Universiti Putra Malaysia [P.U.(A) 106] 15 March 1998. The 
Committee recommends that the student be awarded the Doctor of Philosophy.  
 
Members of the Thesis Examination Committee were as follows: 
 
Raha Abdul Rahim, PhD 
Professor 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Chairman) 
Mohd Arif Syed, PhD 
Professor 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Internal Examiner) 
Norhafizah Hj. Abdullah, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
Mohamed Isa Abdul Majid, PhD 
Professor 
Institute of Pharmaceutical and Neutraceutical Malaysia (IPHARM) 
Universiti Sains Malaysia 
Malaysia 
(External Examiner) 
 
 
BUJANG KIM HUAT, PhD 
Professor and Deputy Dean 
School of Graduate Studies 
Universiti Putra Malaysia  
       
           Date:  
  
xiv 
 
This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfilment of the requirement for the degree of Doctor of Philosophy. 
The members of the Supervisory Committee were as follows: 
 
Mohd Ali Hassan, PhD 
Professor 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Chairman) 
Yoshihito Shirai, PhD 
Professor 
Graduate School of Life Sciences and Systems Engineering 
Kyushu Institute of Technology (KIT), Japan 
(Member) 
Suraini Abd-Aziz, PhD 
Associate Professor 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Member) 
 
 
 
 
HASANAH  MOHD GHAZALI, PhD 
Professor and Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
             
       Date:  
 
 
 
 
  
DECLARATION 
 
I declare that the thesis is my original work except for quotations and citation which 
have been duly acknowledged. I also declare that it has not been previously, and is 
not concurrently, submitted for any other degree at Universiti Putra Malaysia or at 
any other institution. 
 
 
 
 
 
 
 
 
 
 
         
                               
 
TABASSUM MUMTAZ 
Date: 10 December 2010 
 
 
 
 
 
  
xv 
 
xvi 
 
TABLE OF CONTENTS 
                        
         Page 
 
DEDICATION         ii 
ABSTRACT          iii 
ABSTRAK          vi 
ACKNOWLEDGEMENTS        x 
APPROVAL          xiiii  
DECLARATION         xv 
LIST OF TABLES         xx 
LIST OF FIGURES         xxii 
LIST OF ABBREVIATIONS       xxvii 
 
CHAPTER  
 
1 INTRODUCTION        1 
1.1 Project background       1 
1.2 Project development       3 
1.3 Objectives        5 
1.4 Thesis plan        5 
 
2 LITERATURE REVIEW       7 
2.1 Palm Oil Industry       7 
2.2 Palm Oil Mill Effluent (POME)     8 
2.3 POME treatment technology       11 
2.4 Bioconversion strategies of generating organic acids from  
 wastewater for PHA production     13 
2.5 Bioconversion of POME for PHA production 
 via mixed organic acids      16 
2.6 Unit operations used in the recovery of mixed organic acids 
 from waste-stream       17 
2.7 PHAs-Bacterial Polyesters      22 
2.8 Microorganisms accumulating PHAs     24 
2.9 Models for PHAs granule formation     26 
2.10 Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)   29 
 2.10.1 Biochemical pathway of PHBV biosynthesis   29 
 2.10.2 Properties of PHBV      31 
 2.10.3 Block versus random copolymer    32 
2.10.4 PHBV production strategies     33 
2.11 Kinetics and modeling approach in PHA Fermentation  35 
2.12 Fermentation scale-up       37 
2.12.1 Choice of scale-up protocol     39 
2.12.2 Industrial scale production of PHBV    41 
2.13     Applications of PHBV                                                                        43 
 
xvii 
 
3 PILOT-SCALE RECOVERY OF MIXED ORGANIC ACIDS FROM 
  ANAEROBICALLY TREATED PALM OIL MILL EFFLUENT 46 
3.1 Introduction        46 
 3.2 Materials and methods      48
  3.2.1 Chemicals, POME and POME sludge   48 
  3.2.2 Acidogenic fermentation of POME  
   for organic acid generation     49
  3.2.3 Recovery of organic acids from  
treated POME in laboratory-scale    51 
  3.2.4 Recovery of organic acids from treated 
 POME in pilot scale      53 
  3.2.5 Analytical methods      56 
3.3 Results        58
 3.3.1 Laboratory scale recovery     59
 3.3.2 Pilot scale recovery       62 
3.4 Discussion        66 
3.5 Conclusion        69 
 
 
4 DEVELOPMENT OF FERMENTATION STRATEGIES FOR 
PRODUCTION OF POLY (3-HYDROXYBUTYRATE-CO-3-
HYDROXYVALERATE) BY COMAMONAS SP. EB172 USING MIXED 
ORGANIC ACIDS RECOVERED FROM POME   70 
 4.1 Introduction        70
 4.2 Materials and methods      73 
  4.2.1 Chemical reagents      73 
  4.2.2 Microorganism and maintenance    73
  4.2.3 Preparation of inoculum for PHA fermentation  74
  4.2.4 Preparation of medium     75
  4.2.5 Bioreactor set up      77
  4.2.6 Scale-up fermentation studies     82 
4.2.7 Analytical methods      83
 4.2.8 Experimental design      87 
4.2.9 Batch experiments      88 
4.2.10 Fed-batch experiments     90
 4.2.11 Statistical analysis      94 
4.3 Results        94
 4.3.1 Growth curve of Comamonas sp. EB172   94
 4.3.2 Batch experiments      95 
 4.3.3 Development of novel fermentation strategy 
    in 2 L bioreactor      99
  4.3.4 Modification/Improvement of fermentation    
   in 2 L bioreactor      101
  4.3.5 Fed-batch fermentation in 7 L bioreactor   106
  4.3.6 Scaling up studies in 15 L and 10 L bioreactor  108 
  4.3.7 Scale up studies in 150 L bioreactor    112 
  4.3.8 Effect of oxygen supply on PHA fermentation  115 
  4.3.9 Effect of culture age on PHA fermentation   116
xviii 
 
 4.4 Discussion        117
 4.5 Conclusion        121 
 
 
5 KINETIC STUDY OF POLY (3-HYDROXYBUTYRATE-CO-3-
HYDROXYVALERATE) PRODUCTION BY COMAMONAS SP. EB172 
IN FED BATCH CULTURE      122 
 5.1 Introduction        122 
 5.2 Materials and methods      124 
  5.2.1 Experimental plan      124 
  5.2.2 Estimation of kinetic parameters    125 
 5.3 Results        127
  5.3.1 Kinetics of Comamonas sp EB172 in batch culture  127 
5.3.2 Kinetics of fed-batch culture of Comamonas sp EB172 130 
 5.4 Discussion        131 
  5.4.1 Substrate Inhibition by Mixed Volatile Fatty Acid (VFA) 131 
  5.4.2 pH-stat feeding strategy     133
  5.4.3 Kinetic modeling      134 
5.5  Conclusion        135 
 
 
6 CHARACTERIZATION OF POLY (3-HYDROXYBUTYRATE-CO-
3HYDROXYVALERATE) PRODUCED BY COMAMONAS SP. EB172 
USING MIXED ORGANIC ACIDS RECOVERED FROM POME 137 
6.1 Introduction        137 
6.2 Materials and methods      139 
  6.2.1 Materials       139 
  6.2.2 Ultrastructural analysis by transmission electron 
  microscopy (TEM)      139 
6.2.3 Polymer extraction      141
 6.2.4 Polymer characterization     142
 6.3 Results       147 
  6.3.1 Ultrastructural analysis of PHBV granules in vivo  147 
6.3.2 Fourier transform infrared (FT-IR) spectroscopy  154
 6.3.3 Nuclear magnetic resonance (NMR) spectroscopy  155
 6.3.4 Differential scanning calorimetry (DSC) analysis  158
 6.3.5 Thermo gravimetric analysis (TGA)    159
 6.3.6 Molecular weight determination    160 
  6.3.7 Mechanical properties      161 
 6.4 Discussion        162 
6.4 Conclusion        167 
 
 
7 SUMMARY, CONCLUSION AND RECOMMENDATIONS  
 FOR FUTURE RESEARCH      169 
 7.1  Summary        169 
 7.2  Conclusion        172 
 7.3  Recommendations for future research    174 
xix 
 
 
REFERENCES          175 
APPENDICES          197 
BIODATA OF STUDENT        212 
LIST OF PUBLICATIONS        214
